Abstract P mono-doped and (P, N) co-doped ZnO are investigated by the first-principles calculations. It is found that substitutive P defect forms a deep acceptor level at O site (P O ) and it behaves as a donor at Zn site (P Zn ), while interstitial P (P i ) is amphoteric.
I. INTRODUCTION
Zinc oxide (ZnO) is a good candidate for applications in short-wavelength and transparent optoelectronic devices for its unique physical properties. Yet difficult realization of reproducible low resistivity p-type ZnO hinders its applications. There have been many attempts, such as mono-doping, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] co-doping or cluster doping technology [11] [12] [13] [14] to overcome the p-type doping bottleneck. Among those attempts, donor-acceptor co-doping method is promising in terms of enhancing the acceptor concentration and lowering the acceptor level. [13, 14] A record of p-type electrical resistivity of 0.026 Ωcm, Hall mobility of 4.4 cm 2 V -1 s -1 , and carrier concentration of 5.5×10 19 cm -3 has been reported with zirconium (Zr) and nitrogen (N) co-doping ZnO. [14] Reduction of the transition levels through the effective impurity bands induced by donor-acceptor complexes have successfully explained the experiment observation in Ga-N [15, 16] and Zr-N [16] co-doped p-type ZnO. Recently, co-doping with group V element and N, such as As-N [17] and P-N, [18] have also realized p-type ZnO. A detailed explanation of this dual-acceptor doping mechanism is not available so far, although it could be viewed as an attempt following the earlier research on group III-N and group IV-N co-doping.
In order to clarify the p-type conduction in (P, N) co-doped ZnO samples, P mono-doping and (P, N) co-doping in ZnO are studied by first-principles calculations in this work. By comparing the defect formation energies, we find that there are three kinds of defects, i.e., V Zn , P Zn -2V Zn , and P Zn -4N O complexes may be shallow acceptors. Furthermore, it is found that acceptors V Zn and P Zn -2V Zn may not be Special attentions have also paid to the mechanism of the lowered transition level of P Zn -4N O complex by passive impurity band.
II. COMPUTIONAL METHODS
Our calculations are carried out with the Vienna ab initio simulation package (VASP), [19, 20] using the generalized-gradient approximation (GGA) formulism of PW91 [21, 22] for the exchange correlation. The electron-ion interactions are described by the projector augmented wave method (PAW). [23, 24] Zinc 3d states are treated as valence electrons. The energy cutoff for the plane wave expansion is set to 500 eV. All atoms are fully relaxed during the calculation until the Hellmann-Feynman forces converge to 10 meV/Å. The optimal crystal lattice constants of ZnO (a=3.28Å, c=5.27 Å) are adopted through the calculations, which are in excellent agreement with the experimental values (a=0.325 nm, c=0.521 nm). A 72-atom supercell is used to simulate P mono-doping and (P, N) co-doping in ZnO.
The Brillouin zones are sampled with gamma centered 2 3 3   k-point mesh. For charged defects, a uniform background charge is added to keep the global charge neutrality of the supercells. 4 The defect formation energy,
, for a supercell containing defect  in charge state q, can be computed as: [25] [26] [27] 
is the total energy for the studied supercell containing defect  in charge state q and host) ( E is the total energy of the same supercell without the defect. 
In this paper, we use the hybrid scheme combining k-points sampling and Γ-point-only approaches to calculate the transition energy level and the defect formation energy. [27, 29] In this scheme, the transition energy level for acceptors (q<0) with respect to VBM is given by:
For donors (q>0), the ionization energy referenced to the conduction-band minimum (CBM) is given by: The formation energy of a charged defect is then given by:
is the formation energy of the charge-neutral defect.
Although a 72-atom supercell is adopted in the calculations, the defect concentration of the studied system is around 10 21 . Here we suppose P 2 O 5 is adopted as the P source.
The slope corresponds to the charge state q as used in Eq.(1)~Eq. (6) . A change in the slope indicates transition of the charge state. The transition levels are independent of the choice of atomic chemical potentials and thus they are the same in Fig.1(a) and Fig.1(b) . Similar to the reported P [31] and As[30] dopants, interstitial P (P i ) is amphoteric as diluted point defects. A substitutional P at an O lattice site (P O ) forms a deep acceptor level of eV
, which is in excellent agreement with earlier calculation of 0.93 eV. [32] A substitutional P at a Zn lattice site (P Zn ) behaves as a donor. The formation energy of P Zn is much lower than that of P i and P O in most situations except that the Fermi level is greater than 2.98 eV above the VBM under O-rich condition. This means that none of these three point defects could contribute to the p-type conductivity remarkably in ZnO.
Recent calculations have argued that in ZnO doped with P 2 O 5 , the dominant acceptors are V Zn defects, while the P Zn -2V Zn complex is energetically more favorable for the Zn 3 P 2 source under O-rich conditions. [31] Yet experiment results indicated that P atoms replace the O atoms to form P O rather than forming P Zn -2V Zn complex as acceptors. [1] Here, the formation energy of P Zn -2V Zn complex and V Zn are also plotted in Fig.1 for comparison. Figure 2 indicates the most stable structure of P Zn -2V Zn complex, which is consistent with that reported by Lee et.al. [31] Contrary to the reported deep transition level (0.55 eV above the VBM), [31] we find that P Zn -2V Zn complex may be a shallow acceptor defect, with the ionization energy of
On the other hand, the formation energy of P Zn -2V Zn complex is 4.62 eV (Zn-rich) and 2.34 eV (O-rich) with P 2 O 5 source for P source, which is much greater than that of P Zn when the Fermi level is close to VBM. This indicates that P Zn -2V Zn complex may be fully compensated by P Zn when P 2 O 5 source is adopted. 
IV. (P, N) co-doping in ZnO
Recently, it was proposed that the introduction of mutually passivated impurity bands may successfully overcome the doping asymmetry in ZnO by (Ga, N) [15, 16] or (Zr, N) [16] co-doping. Consequently, passive defect complexes might be formed in group V, N (such as P, N) co-doped ZnO. Actaully, there are two noticeable configurations of (P-3N) complex (as shown in Fig. 3 ) when P substituting Zn and 3 N replacing three nearest neighbor O atoms. One is the three nearest in-plane O atoms replaced by N atoms [ Fig.3(a) ], and the other is N atoms substituting the nearest out-of-plane O atom together with two of the nearest in-plane O atoms[ Fig.3(b) ]. The configuration shown in Fig.3(a) is considered as the passive stoichiometric (P-3N) complex, since it is energetically favored by 0.039 eV than the latter one. The calculated total DOS for the pure ZnO host and the passive stoichiometric (P-3N) complex doped ZnO are shown in Fig. 4 . Unlike the additional fully occupied impurity band in (Ga, N) [15, 16] and (Zr, N) [16] co-doped ZnO, the valence band appears to be modified by the passive stoichiometric (P-3N) complex, with its VBM shifted up by 0.156eV with respect to that of the pure ZnO host. We have carefully When an additional N is introduced to the above mentioned two configurations of (P-3N) complex, we have investigated nine unequal configurations of P-4N complex for the additional N atom replacing the nearest and the second nearest neighbor O site of P Zn . We find that the configuration with four N atoms substituting the first neighbor O sites of the P Zn is energetically favored, while the other configurations are at least 0.64 eV higher in total energy. This clearly indicates that the doped P and N tend to form P Zn -4N O complexes in ZnO.
For the dopant source of P 2 O 5 and N 2 , the calculated formation energy of the P Zn -4N O complex is shown in Fig. 6 . The ionization energy of P Zn -4N O is 0.271 eV above the VBM of ZnO host according to Eq.(4), yet it is reduced to 0.115 eV from the impurity band of the passive (P Zn -3N O ) complex. Fig.6 also shows that the formation of P Zn -4N O in Zn-rich condition is -1.28 eV, which is 18.87 eV lower than that of O-rich condition, indicating that p-type conductivity is easier to achieve in Zn-rich condition when P 2 O 5 and N 2 are used as dopants in ZnO simultaneously.
The formation energies of three kinds of accepters with low transitional level, P Zn -4N O , P Zn -2V Zn and V Zn , under two extreme conditions, (a) for Zn-rich and (b) for O-rich, are plotted in Fig. 7 . The most possible killer of acceptors, P Zn , is also shown in Fig.7 . We can see that for the three acceptors, P Zn -4N O is energetically favorable under Zn-rich condition; while V Zn is favored under O-rich condition when P 2 O 5 and N 2 are served as dopant sources. Yet the concentration of hole carriers is expected not to be much for the compensation effect of P Zn donor in both situations for P 2 O 5 and N 2 sources (Solid line in Fig.7 ).
We notice that it is rare to conduct the (P, N) codoping under P-rich and N-rich condition, i.e, the chemical potentials of P and N are in equilibrium with those of P 2 O 5 and N 2 , respectively. Additionally, most experimentally reported p-type ZnO samples are obtained with NO source instead of N 2 . Therefore, there are rooms to further investigate the p-type doping possibility of (P, N) by adjusting the chemical potential of the dopants. [33] Since the change of P   will simultaneously shift the formation energies of P Zn -2V Zn and P Zn , the adjustment of the chemical potentials of the dopants (i.e., P and N) has no influence to the relative formation energy of P Zn -2V Zn to P Zn 
IV. SUMMARY
We have investigated the formation of isolated defects and defect complexes in P-mono doped and (P, N) co-doped ZnO samples through the first-principles calculations. Although V Zn and P Zn -2V Zn complex show low ionization energy, they pay little contribution to p-type conductivity of samples for the strong compensation complex. 
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